We present the synthesis and characterization of Fe-doped carbon aerogels (CAs) and demonstrate the ability to grow carbon nanotubes directly on monoliths of these materials to afford novel carbon aerogel-carbon nanotube composites. Preparation of the Fe-doped CAs begins with the sol-gel polymerization of the potassium salt of 2,4-dihydroxybenzoic acid with formaldehyde, affording K + -doped gels that can then be converted to Fe 2+ -or Fe 3+ -doped gels through an ion exchange process, dried with supercritical CO 2 and subsequently carbonized under an inert atmosphere. Analysis of the Fe-doped CAs by TEM, XRD and XPS revealed that the doped iron species are reduced during carbonization to form metallic iron and iron carbide nanoparticles. The sizes and chemical composition of the reduced Fe species were related to pyrolysis temperature as well as the type of iron salt used in the ion exchange process. Raman spectroscopy and XRD analysis further reveal that, despite the presence of the Fe species, the CA framework is not significantly graphitized during pyrolysis. The Fedoped CAs were subsequently placed in a thermal CVD reactor and exposed to a mixture of CH 4 (1000 sccm), H 2 (500 sccm), and C 2 H 4 (20 sccm) at temperatures ranging from 600 to 800°C for 10 minutes, resulting in direct growth of carbon nanotubes on the aerogel monoliths. Carbon nanotubes grown by this method appear to be multiwalled (~25 nm in diameter and up to 4 µm long) and grow through a tipgrowth mechanism that pushes catalytic iron particles out of the aerogel framework. The highest yield of CNTs were grown on Fe-doped CAs pyrolyzed at 800°C treated at CVD temperatures of 700°C.
Introduction
Carbon aerogels (CAs) are novel mesoporous materials with many interesting properties, such as low mass densities, continuous porosities, high surface areas and high electrical conductivity. [1] [2] [3] [4] These properties are derived from the aerogel microstructure, which is a network of interconnected primary particles with characteristic diameters between 3 and 25 nanometers. CA's are typically prepared through the sol-gel polymerization of resorcinol with formaldehyde in aqueous solution to produce organic gels that are supercritically dried and subsequently pyrolyzed in an inert atmosphere. To expand the potential application for these unique materials, recent efforts have focused on the introduction of transition metals into CAs with the goal of modifying the structure, conductivity or catalytic activity of the aerogel. [5] [6] [7] [8] [9] [10] [11] [12] [13] We previously reported the synthesis, characterization and physical properties of a variety of metal-doped CAs. [14] [15] [16] [17] [18] These materials were prepared through the sol-gel polymerization of resorcinol derivatives containing metal-binding sites that allow for the uniform incorporation of metal ions into the organic gel structure. One of the interesting aspects of this approach is that certain transition metal ions, such as Co 2+ , Ni 2+ and Cu 2+ , are reduced during the carbonization process, leading to the formation of nanometer-sized metallic particles distributed throughout the carbon matrix. In addition, for the Co-and Ni-doped systems, these nanoparticles were found to catalytically induce a solid-state restructuring of the surrounding carbon framework into graphitic nanoribbons and other graphitic nanostructures. These observations led us to investigate the possibility of utilizing these supported metal nanoparticles as catalysts for the growth of carbon nanotubes (CNTs) within the porous CA structure. Such an approach could provide a new route to novel carbon-based composites with enhanced thermal, electrical and mechanical properties. Unfortunately, for the Co-and Ni-doped CAs, the metal nanoparticles become encased in graphitic carbon during the carbonization process and, therefore, are unable to function as catalysts for CNT growth. As a result, we sought alternative metal catalysts that could be prepared using our sol-gel method and that would remain active following carbonization. In this paper, we present the synthesis and characterization of Fe-doped CAs and demonstrate their effectiveness as catalysts for the formation of CNTs by chemical vapor deposition (CVD). Although the growth of CNTs on inorganic aerogel substrates has been previously reported, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] our materials represent the first reported example of CNTs grown directly from CAs. We will describe the effect of CA preparation on the catalytic activity of the Fe nanoparticles as well as the influence of CVD conditions on nanotube growth.
Experimental Section
Sample Preparation. The Fe-doped CAs were prepared by modification of our previously reported method. 14 keV. X-ray diffraction (XRD) spectra were obtained using a Rigaku 300 X-ray diffractometer operating with the following measurement parameters: high voltage = 60 kV; current = 300 mA; divergence slit = 1°; scatter slit = 2°; receiving slit = 0.6°; scan mode = continuous; scan type = standard; axis = 2θ/θ; scan = 10° to 80°; scan speed = 0.25° min-1; sampling interval = 0.03°. Phase identification was made using MDI Jade 7 equipped with the ICSD and NIST databases of XRD spectra. X-ray photoelectron spectroscopy (XPS) spectra were obtained on an AXIS HIS 165 and ULTRA Spectrometer (Kratos Analytical Limited, England) using Al K radiation (energy = 1486.6 eV) in a vacuum of 5 x 10 -9 torr.
Samples were prepared by grinding the CA material into a fine powder, adhering to adhesive copper tape, and mounting the copper tape on a sample holder using double-sided adhesive tape. X-ray slots of 750 by 350 μm, an x-ray power of 150 W (15 kV and 10 mA), and a pass energy of 80 eV for 100
sweeps were used for all measurements. Charge correction was performed for Fe600 samples, which were the only samples to exhibit any kind of charging effect. High-resolution scanning electron microscopy (HRSEM) was performed with a JEOL 6320 microscope operating at 5 kV. Raman spectra were obtained using a custom-built micro-Raman spectrometer operating at excitation wavelengths of 785 nm, 676 nm, 752 nm, and 514 nm.
Results and Discussion
Iron-doped Carbon Aerogels. Our objective in this work was to design a novel CA material that could support a catalyst for the CVD growth of CNT. In our previous work with the Co-and Ni-doped CAs, the metal nanoparticles in these materials become encased in graphitic carbon during the carbonization process 18 and, as a result, the catalytic sites are inaccessible to CVD gases. Iron was selected as the catalyst for this study because, like Co and Ni, iron-based compounds are known to efficiently catalyze the growth of carbon nanotubes. 31 In additional, since iron-carbon systems are rich in phases 32 (more so than cobalt or nickel), we hoped that this process would generate catalytic iron- 3 . After supercritical drying of the wet gels, the Fe-doped organic aerogels were then carbonized at temperatures ranging from 600°C and 1050°C.
To determine the types of Fe species that form during carbonization as well as their effect on the surrounding carbon network, the structure and composition of the Fe-doped CAs were evaluated using transmission electron microscopy (TEM), powder x-ray diffraction (XRD), Raman spectroscopy, and xray photoelectron spectroscopy (XPS). TEM images of the Fe-doped CAs show that the aerogel structure consists of an interconnected network of primary carbon particles with diameters between 10 to 15 nanometers (Figure 1 ). In addition, metallic nanoparticles are evident throughout the carbon framework of the Fe-doped CAs, most easily seen in materials pyrolyzed above 800°C. As with the Coand Ni-doped CAs, the size distribution of the Fe nanoparticles is intimately tied to the carbonization temperature, with higher pyrolysis temperatures yielding a wider distribution of sizes. The composition of these metallic nanoparticles was examined using XRD. Interestingly, the type of Fe species that form during pyrolysis appears to be related to the type of salt used for ion exchange. The XRD pattern for CA's doped with Fe(NO 3 ) 3 exhibited diffraction lines attributable to the presence of both metallic iron as well as Fe 3 C (cementite phase iron carbide) (Figure 2 ). The XRD patterns for the CAs doped with the other iron salts, by contrast, showed reflections consistent with the formation of austenite-phase iron carbide (Fe 15.1 C) in addition to metallic iron (Figure 3) . In all cases, the diffraction lines become much more pronounced with increasing carbonization temperature, indicating particle coarsening with increasing temperature. We also noted variations in the relative ratios of iron metal to iron carbide for the different Fe-doped CAs. The observed differences in carbide stoichiometry and the relative ratio of iron to iron carbide may arise from the influence that the anion of the Fe salt has on the efficacy of the ion-exchange process. The amount of iron incorporated into the aerogel during ion exchange likely determines the amount of metallic iron that evolves during pyrolysis as well as the stoichiometry of iron carbide. This scenario is perhaps substantiated by the observation that the mean crystallite size for the iron particles differs depending on the iron salt used in the preparation of these materials (Table 1) .
Alternatively, these differences may be related to the residual presence of anions from the iron salts in the aerogels during pyrolysis that can affect particle nucleation and growth during carbonization. The XPS data for the pre-carbonized materials, however, did not show increased concentrations of the elements associated with the anions (i.e. sulfur, nitrogen, or chlorine) relative to the undoped sample.
The formation of the Fe species as a function of pyrolysis temperature was examined by XPS ( Figure 4 ).
The Fe 2p region of the XPS spectra for CAs pyrolyzed at 600°C exhibited signals attributable to oxidized iron species, such as FeOOH or Fe 2 O 3 . 33 Correlating this observation with information obtained from the XRD spectra for these samples, it is likely that of the iron species in these materials are not yet reduced and are still dispersed in very small clusters. The Fe 2p XPS spectra for materials pyrolyzed at 800°C show the emergence of peaks attributable to metallic iron. 33 As the carbonization temperature is increased to 1050°C, the metallic peaks become more prominent and the oxide peaks shift to a lower binding energy, suggesting the presence of a reduced oxide such as FeO. 33 Based on these trends, the growth of iron and iron carbide nanoparticles likely proceeds through the formation of oxidized intermediates, such as FeOOH and
The XRD spectra for each of the Fe-doped CAs also exhibited a broad diffraction line centered at ~21°, corresponding to the presence of carbon crystallites. The broad nature of the line reflects the low degree of crystallinity in the aerogel framework for all of the Fe-doped materials. The mean carbon crystallite sizes calculated using the Scherrer equation were found to be between 0.9-1.0 nm, independent of pyrolysis temperature or incorporated iron salt (Table 1) . Thus, it appears that, despite the presence of iron species, the CA framework does not graphitize appreciably over the range of pyrolysis temperatures investigated. Examination of the carbon structure by Raman spectroscopy supports this observation as well. Raman spectra for carbon aerogels typically show two main features, the ubiquitous G-band (located at ~1580 cm -1 ) and the disordered-induced D-band (located at ~1360 cm -1 ). 34 For Fe-doped carbon aerogels, the line widths for these two modes are quite broad, indicating low overall crystallinity of the carbon structure. The approximate carbon crystallite size was calculated from the integrated areas of the D-and G-bands using Knight's formula, 35 L α = C λ (I D /I G ) -1 , where L α is the average crystallite size, I D /I G is the ratio of the integrated area of the D-band to that of the G-band, and C λ is a fitting parameter which adjusts for the laser wavelength used to generate the spectrum. 36 From this formula, the carbon crystallite sizes were found to be ~2.5 nm for each sample, in reasonably good agreement with the value of ~1.0 nm calculated from the XRD results. As with the XRD data, no change was observed in carbon crystallite size as a function of pyrolysis temperature, providing further evidence that the carbon structure of the aerogel is not significantly graphitized or otherwise ordered by the presence of Fe during pyrolysis over the temperature range investigated. These results are contrary to our previous work with the Co-and Nidoped CAs that showed significant graphitization of the carbon structure at temperatures as low as 800°C. These results also indicate that, unlike the metal particles in Co-and Ni-doped CAs, the Fecontaining nanoparticles present in these materials may be accessible and active for CVD growth of CNTs.
Growth of CNTs.
The CVD growth of CNTs on the Fe-doped CAs was performed by exposure of the Fe-doped CAs to a flow of CH 4 , C 2 H 4 , and H 2 for a period of ten minutes at temperatures ranging from 600 to 800°C. To determine the Fe-doped CA with the most active Fe catalyst as well as the optimal CVD conditions for CNTs growth on the CAs, each of Fe-doped systems prepared in this study was tested under a variety of CVD conditions. From these experiments, it was determined that the highest yield of CNTs were grown on Fe-doped CAs pyrolyzed at 800°C and treated at CVD temperatures of 700°C (Fe800-700). Examination by SEM of the Fe800-700 samples after CVD treatment clearly shows the growth of a grass-like carpet of CNTs on the exterior surface of the CA monolith ( Figure 5 ). The CNTs grown on the Fe800-700 samples appear to be multiwalled with diameters of ~25 nm and lengths up to 4 µm. Analysis of these samples by TEM verifies that the CNTs grown on these CAs are indeed multiwalled ( Figure 6 ). The formation of other tubular graphitic nanostructures, such as nanoribbons and nanoshells, is also observed after CVD treatment (bottom portion of Figure 6a ). Both the SEM and TEM images indicate that the CNTs appear to grow through a tip-growth mechanism, as iron-containing catalyst nanoparticles can be seen at their tips. The observed No CNT growth was observed for the Fe600 CA samples. The lack of CNT growth is likely due to the fact that most of the iron in Fe600 is present as an oxide, as evidenced by the XPS spectrum for this material ( Figure 4 ). While exposure of this material to H 2 at elevated temperatures will eventually reduce these iron oxide particles to iron metal, the exposure time used in our CVD process ( for these experiments, methane does not thermolytically crack and instead acts as a carrier gas that dilutes ethylene, the main source of carbon in the CVD reaction. Therefore, the increased size of the CNTs grown under these conditions is most likely due to the relative increase in concentration of ethylene in the feedstock gas.
The CVD results for the various Fe-doped CAs indicate that CNT growth in these materials requires catalyst nanoparticles with a particular size and compositional profile. As a result, metal-doped CAs might serve as an interesting platform for developing a better understanding of CNT growth by heterogenous catalysis. While iron-based catalysts are commonly used for the growth of CNTs, the exact nature of the catalytic iron species (metallic iron or iron carbide) and its role in CNT growth is still a matter of debate. The approach presented here allows for the growth of supported catalysts of different sizes and compositions, and, therefore, can provide insight into the mechanisms of CNT growth.
Conclusion
In this paper, we described the synthesis and characterization of Fe-doped CAs and demonstrate their effectiveness as substrates for the growth of CNTs by CVD. The Fe-doped CAs were found to contain a mixture of iron and iron carbide nanoparticles, the composition and size distributions of which are related to carbonization temperature and the iron salt used to prepare the precursor materials. In addition, the Fe-doped CAs exhibited no observable graphitization of the carbon framework for pyrolysis temperatures up to 1050°C. CVD processing of the Fe-doped CAs resulted in the surface growth of CNTs, affording novel monolithic carbon aerogel-carbon nanotube composite materials. The thermal and electrical conductivity for these composite materials is currently being investigated. In addition, we are also developing new sol-gel materials with controlled pore structures that will facilitate diffusion of CVD gases into the interior of the aerogel monoliths and thus enable growth of nanotubes throughout the CA structure. This approach could provide a new route to novel materials with enhanced thermal, electrical and mechanical properties. 
